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a  b  s  t  r  a  c  t
Secondary  metabolites,  for example  capsaicin,  are  substances  with  no  known  direct  function  in basic
metabolism,  but can  provide  some  important  adaptive  signiﬁcance  in  protection  against  herbivory  and/or
microbial infection.  Capsaicin,  responsible  for the heat  sensation  in chile  pepper  fruit,  is  only  found  in the
genus  Capsicum  (chile  peppers).  Like  the accumulation  of  capsaicinoids,  germination  of chile  pepper  seed
has been  observed  to  vary  among  genotypes.  To  test  whether  capsaicin  could  be  a contributor  to reducedeywords:
llelopathy
utotoxin
hile pepper
seed germination,  two  no-heat  cultivars,  Keystone  Resistant  Giant  and  Pimiento  L,  were  treated  with
capsaicin  to  determine  its  effect  on  germination.  Seeds  were  treated  with  0,  500,  or 1500  ppm  capsaicin.
Capsaicin  treatment  resulted  not  only  in  reduced  but also  delayed  germination.  We  determined  that
capsaicin  can  decrease  chile  pepper  seed  germination,  and  may  be  the  cause  of  slow  germination  in
some  chile  pepper  cultivars.
evier
econdary metabolites
Published  by Els
. Introduction
Native to the Americas, chile peppers (Capsicum sp. L.) have
een cultivated for thousands of years (Bosland and Votava, 2012).
rized for their heat (the burning sensation when eaten), chile pep-
ers rapidly spread with human dispersal, and are now grown
orldwide as a vegetable, spice, colorant, and pharmaceutical.
he heat of chile pepper is due to the accumulation of capsaici-
oids, a group of related alkaloids unique to Capsicum. The major
apsaicinoid produced in chile peppers is capsaicin (8-methyl-N-
anillyl-6-nonenamide) (Kozukue et al., 2005). Capsaicinoids are
roduced during fruit maturation in the fruit placenta (Fujiwake
t al., 1982) and additionally in the fruit wall of some C. chinense
Jacq.) cultivars (Bosland et al., 2015). Although capsaicinoids are
ot synthesized in or on the seeds (Ancona-Escalante et al., 2013;
ujiwake et al., 1980) capsaicinoids are often transferred onto the
eeds during seed extraction.
The roles of capsaicinoids in nature are believed to be protective
econdary metabolites. Capsaicinoids are known to protect fruits
rom mammalian predation, facilitating seed dispersal primarily
y birds (Jordt and Julius, 2002; Nabhan and Tewksbury, 2001;
oss and Levey, 2014), and act as anti-fungal agents (Kraikruan
t al., 2008; Tewksbury et al., 2008b). Additionally, Tewksbury et al.
2008a) found that capsaicin levels inﬂuence gut retention time,
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resulting in greater seed scariﬁcation and increased germination
of C. annuum. The level of capsaicinoids can vary due to the envi-
ronment the plant is grown in and the location of the fruit on
an individual plant (Zewdie and Bosland, 2000a,b); however, the
genetic makeup of the plant is normally the greatest factor for the
heat (Zewdie and Bosland, 2000a). Scoville heat units (SHU) is a
widely used measurement for heat levels in chile peppers (Scoville,
1912). One SHU is equivalent to 16 part-per-million (Bosland et al.,
2012).
Germination of chile pepper seeds can vary, and is often slow
and not uniform under abiotic stress (Demir and Okcu, 2004) such
as high salinity (Chartzoulakie and Klapaki, 2000) or cool tempera-
tures (Bradford et al., 1990). Similar to capsaicinoids accumulation,
chile pepper seed germination rate has also been observed to be
genotype speciﬁc (Hernández-Verdugo et al., 2001). Therefore, we
hypothesized that capsaicinoids could have some effect on seed
germination. Germination is a principal component of seedling
establishment and survival, and is considered the most critical
phase of the plant life cycle (Rajjou et al., 2012). After imbibition,
radicle emergence is the ﬁrst visible sign of seed germination and
is considered a valuable evaluation of seed vigor in crops (Bingham
et al., 1994). Germination is affected by several environmental and
plant conditions including salinity (or osmotic pressure), temper-
ature, genotype, seed size, and soil conditions (Bewley and Black,
2012).Secondary compounds synthesized by plants can have allelo-
pathic as well as autopathic effects that can inhibit the growth
of surrounding plants or itself (Saberi et al., 2013; Tarayre et al.,
D license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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3ig. 1. Percent germination of ‘Keystone Resistant Giant’ and ‘Pimiento L’ seeds trea
E  bar was  constructed using 1 SEM, which was  calculated using 4 blocks per treatm
995; Thanos et al., 1995). Capsaicin is a well-established allelo-
hemical and has been shown to reduce root and shoot growth or
uppress germination in several plant species (Kato-Noguchi and
anaka 2003; Siddiqui and Zaman, 2005). Capsaicin has also been
hown to inhibit the growth of conidia in Colletotrichum capsici
Kraikruan et al., 2008). However, capsaicin has not yet been shown
o inﬂuence the germination of Capsicum seeds. In this study, we
etermined the effect of increased capsaicin levels on the germi-
ation of chile pepper seeds.
. Materials and methods
The cultivars Keystone Resistant Giant bell pepper (Totally
omatoes, Randolph, WI)  and Pimiento L (Tomato Growers Supply
ompany, Ft. Myers, FL) were selected because they do not pro-
uce any capsaicin. Treatments of 0, 500, and 1500 ppm capsaicin
olutions were made by dissolving pure capsaicin (Sigma-Aldrich,
t. Louis, MO)  in 10 mL  of 95% ethanol (0.0, 0.053, and 0.158 g,
espectively). The capsaicin solution was then added to 90 mL of
eionized water. These concentrations were selected because they
ere reasonable levels of capsaicin for hot chile peppers. A total of
5 mL  of each speciﬁc treatment solution was placed on Grade 360,
5 cm ﬁlter paper (Baxter Healthcare Corporation, McGaw Park,
L) in 150 × 15 mm polystyrene petri dishes (VWR International
LC, Pittsburgh, PA). Electric conductivity (EC) was measured on all
reatment solutions with a digital TPH1 pH and conductivity meter
TechPro II, Myron L Company, Carlsbad CA).
For each treatment (0, 500, and 1500 ppm capsaicin) and each
ultivar combination, four petri dishes each with 100 seeds were
sed. The germination experiment was repeated twice. As no differ-
nces occurred between germination experiments (P = 0.5847), the
ata were analyzed across experiments and data were combined
rior to ﬁnal analysis. All seeds were placed in 25 ◦C and 100% RH
or 20 d, and scored daily. A successful germination was recorded
hen radicle emergence reached ≥2 mm (Demir and Okcu, 2004).
nce scored, seeds remained in the petri dishes and germination
as reported as cumulative seed germination at each time point.
The experimental design was a randomized complete block with
ach petri dish used as a block. Data were analyzed by multivariate
inear regression and analysis of variance (ANOVA) using R (version
.1.2; R Foundation for Statistical Computing, Vienna, Austria).
. ResultsUsing a digital TPH1 pH and conductivity meter, the EC of the
, 500, and 1500 ppm capsaicin solutions were 1.70, 16.51 and
2.40 S Cm−1, respectively.ith 0, 500, and 1500 ppm capsaicin germinated for 20 d at 25 ◦C and 100% RH. Each
nd cultivar averaged across experiments.
The ANOVA F-test indicated a signiﬁcant three-way interaction
of day by cultivar by capsaicin treatment (P < 0.0001) for seed ger-
mination. The results of the capsaicin germination experiment are
presented in Fig. 1. As expected, germination increased each day
for all three treatments and in a somewhat sigmoidal pattern for
the 0 ppm treated seeds for both ‘Keystone Resistant Giant’ and
‘Pimiento L’. For the 0 ppm treatment, germination rate began to
slow at 10 d, especially for ‘Keystone Resistant Giant’. Conversely,
for both 500 and 1500 ppm treatments germination was minimal
until about 10 d. This delayed germination is indicative of what
is observed with the germination of some hot chile pepper seeds.
After 20 d, germination for the 0 ppm treatment was 96 and 81%
for ‘Keystone Resistant Giant’ and ‘Pimiento L’, respectively. For the
500 ppm treatment, germination at 20 d was  similar for ‘Keystone
Resistant Giant’ and ‘Pimiento L’ at 10.7 and 10.0%, respectively.
Interestingly, when treated with 1500 ppm capsaicin, ‘Pimiento
L’ had higher germination (4.2%) than ‘Keystone Resistant Giant’
(0.7%) after 20 d. This illustrated a cultivar effect, and ‘Pimiento L’
may  be less sensitive to elevated capsaicin, as compared to ‘Key-
stone Resistant Giant’. Additionally, for ‘Pimiento L’ the differences
in germination between 500 and 1500 ppm treatments were min-
imal, while for ‘Keystone Resistant Giant’, germination with the
500 ppm treatment was  signiﬁcantly higher than for 1500 ppm
treatment.
4. Discussion
Capsaicin is a nonpolar molecule (Barbero et al., 2006); there-
fore, it has minimal contributions to conductivity. Thus, the
reduction observed in germination rates in the capsaicin treatment
was due to the capsaicin treatment, and not the result of osmotic
stress. The treatment EC was well within the range of typical salt
tolerance for chile peppers (Maas and Hoffman, 1977). Therefore,
the effect of the treatment was due to the capsaicin concentration
not EC (Demir and Mavi, 2008; Lu and Neumann, 1998). Previous
work has shown that most chile peppers are moderately sensitive
to salinity, while differences in response to salinity among chile
cultivars exist (Niu et al., 2010). We  also found a cultivar effect,
although these results could be due to seed harvest, processing,
and storage methodology, as the seeds used in this experiment
were purchased from different companies. However, the germi-
nation rates observed for both the 0 ppm treated cultivars were
normal for chile peppers (Smith and Cobb, 1991).
There are multiple non-mutually exclusive reasons why chile
peppers may  have evolved to produce the capsaicinoids. It is
established that one major purpose for capsaicin production is to
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ediate seed dispersal via birds as capsaicin deters mammalian
eed predators (Jordt and Julius, 2002; Nabhan and Tewksbury,
001; Noss and Levey, 2014; Tewksbury et al., 2008a). Capsaicin
oes not deter birds, because they lack the transient receptor poten-
ial ion channel of the vanilloid type 1 (TRPV1), which is gated by
he vanilloid capsaicin (Jordt and Julius, 2002). There are advan-
ages of fruits being ingested by animals, namely the depositing of
eeds away from the mother plant, escape from high levels of seeds
to limit competition for resources), colonization of novel habitats
Noss and Levey, 2014), as well as removal of pathogens and pre-
ation attractants (Fricke et al., 2013). However, the advantages
f capsaicinoids are further reaching than just enabling greater or
iversiﬁed seed dispersal. Tewksbury et al. (2008a) found that cap-
aicin content increased gut retention time of chile pepper seeds,
ncreasing seed scariﬁcation thus increasing germination, while
resumably increasing dispersal distance. Capsaicin also has anti-
ungal properties against Fusarium semitectum, a primary cause
f predispersal seed mortality in chile pepper, (Tewksbury et al.,
008b) and anthracnose (C. capsici)  (Kraikruan et al., 2008). Addi-
ionally, capsaicin has allelopathic effects on root and shoot growth
f potential competitor plants (Kato-Noguchi and Tanaka, 2003;
iddiqui and Zaman, 2005). Thus, it is reasonable that capsaicin
ould have indirect autopathic effects, causing the retardation of
hile pepper seed germination.
A  major reason for autopathy could be natural seedling thinning.
oot aqueous extracts of watermelon (Citrullus lanatus Thunb.),
uskmelon (Cucumis melo L.), and cucumber (C. sativus L.) have
utopathic effects on radical elongation and seedling growth (Yu
t al., 2000). Compounds in decomposed soybean (Glycine max L.)
tubble have been shown to reduce soybean germination by 42%
nd inhibit soybean root activity, limiting continuous cropping sys-
ems (Shuqi et al., 2001). Similarly, Neri and Savini (2006) found
hat both liquid and solid strawberry (Fragaria × ananassa Duch.)
eld residues resulted in modiﬁed strawberry root growth. Curly
arsley (Petroselinum crispum Mill.) incorporated into the soil lim-
ted seed germination and reduced root growth in the next season’s
urly parsley crop (Ciccarese et al., 2006).
Conceivably, capsaicin has autopathic properties for seed germi-
ation in order to self-regulate plant density. Thymol and carvacrol
somers have this effect in Israeli thyme (Coridothymus capitatus L.)
Tarayre et al., 1995; Thanos et al., 1995). However, it has been sug-
ested that gut passage likely reduces capsaicin presence on chile
epper seeds (Noss and Levey, 2014). Thus, we propose that ger-
ination inhibition could be an autopathic effect of capsaicin, and
he cause of reduced and slowed germination of some chile pepper
eed genotype.
eferences
ncona-Escalante, W.,  del, R., Baas-Espinola, F.M., Castro-Concha, L.A.,
Vázquez-Flota, F.A., Zamudio-Maya, M.,  de Miranda-Ham, M.L., 2013. Induction
of capsaicinoid accumulation in placental tissues of Capsicum chinense Jacq:
requires primary ammonia assimilation. Plant Cell Tissue Organ Cult. 113,
565–570.
arbero, G.F., Palma, M.,  Barroso, C.G., 2006. Determination of capsaicinoids in
peppers by microwave-assisted extraction-high-performance liquid
chromatography with ﬂuorescence detection. Anal. Chim. Acta 578, 227–233.
ewley, J.D., Black, M.,  2012. Physiology and Biochemistry of Seeds in Relation to
Germination. Viability, Dormancy, and Environmental Control, vol. 2. Springer
Science Bussiness Media, Berlin, Germany.
ingham, I.J., Harris, A., MacDonald, L., 1994. A comparative study of radicle and
coleoptile extension in maize seedlings from aged and unaged seed. Seed Sci.
Technol. 22, 127–139.
osland, P.W., Votava, E.J., 2012. Peppers: Vegetable and Spice Capsicums, 2nd ed.
CAB International, Oxfordshire, U.K.osland, P.W., Coon, D., Reeves, G., 2012. ‘Trinidad Moruga Scorpion’ pepper is the
world’s hottest measured chile pepper at more than two  million Scoville Heat
Units. HortTechnology 22, 534–538.
osland, P.W., Coon, D., Cooke, P.H., 2015. Novel formation of ectopic
(nonplacental) capsaicinoid secreting vesicles on fruit walls explains the Horticulturae 203 (2016) 29–31 31
morphological mechanism for super-hot chile peppers. J. Am. Soc. Hortic. Sci.
140,  253–256.
Bradford, K.J., Steiner, J.J., Trawatha, S.E., 1990. Seed priming inﬂuence on
germination and emergence of pepper seed lots. Crop Sci. 30, 718–721.
Chartzoulakie, Z., Klapaki, G., 2000. Response of two greenhouse pepper hybrids to
NaCl salinity during different growth stages. Sci. Hortic. 86, 247–260.
Ciccarese, F., Longo, O., Schiavone, D., Ambrico, A., 2006. Severe outbreak of curly
parsley caused by autopathic effects [Petroselinum crispum (Mill.) Nyman ex
A.W. Hill; Apulia]. Colture Protette 35, 89–92.
Demir, I., Mavi, K., 2008. Effect of salt and osmotic stresses on germination of
pepper seeds of different maturation stages. Braz. Arch. Biol. Technol. 51,
897–902.
Demir, I., Okcu, G., 2004. Aerated hydration treatment for improved germination
and seedling growth in aubergine (Solanum melongena) and pepper (Capsicum
annuum).  Ann. Appl. Biol. 144, 121–123.
Fricke, E.C., Simon, M.J., Reagan, K.M., Levey, D.J., Riffell, J.A., Carlo, T.A., Tewksbury,
J.J.,  2013. When condition trumps location: seed consumption by fruit-eating
birds removes pathogens and predator attractants. Ecol. Lett. 16, 1031–1036.
Fujiwake, H., Suzuki, T., Iwai, K., 1980. Intercellular localization of capsaicin and its
analogues in Capsicum fruit: the vacuole as the intercellular accumulation site
of  capsaicinoid in the protoplast of Capsicum fruit. Plant Cell Physiol. 21,
1023–1030.
Fujiwake, H., Suzuki, T., Iwai, K., 1982. Capsaicinoid formation in the protoplast
from the placenta of the Capsicum fruits. Agric. Biol. Chem. 46, 2591–2592.
Hernández-Verdugo, S., Oyama, K., Vázquez-Yanes, C., 2001. Differentiation in seed
germination among population of Capsicum annuum along a latitudinal
gradient in Mexico. Plant Ecol. 155, 245–257.
Jordt, S.E., Julius, D., 2002. Molecular basis for species-speciﬁc sensitivity to hot
chili peppers. Cell 108, 421–430.
Kato-Noguchi, H., Tanaka, Y., 2003. Effects of capsaicin on plant growth. Biol. Plant.
47, 157–159.
Kozukue, N., Han, J.S., Kozukue, E., Lee, S.J., Kim, J.A., Lee, K.R., Levin, C.E., Friedman,
M.,  2005. Analysis of eight capsaicinoids in peppers and pepper-containing
food by high-performance liquid chromatography and liquid
chromatography–mass spectrometry. J. Agric. Food Chem. 53, 9172–9181.
Kraikruan, W.,  Sangchote, S., Sukprakarn, S., 2008. Effect of capsaicin on
germination of Colletotrichum capsici conidia. Kasetsart J. (Nat. Sci.) 42,
417–422.
Lu, Z., Neumann, P.M., 1998. Water-stressed maize, barley, and rice seedlings show
species diversity in mechanisms of leaf growth inhibition. J. Exp. Bot. 49,
1945–1952.
Maas, E.V., Hoffman, G.J., 1977. Crop salt tolerance. Current assessment. ASCE J.
Irrig. Drain Div. 103, 116-134.
Nabhan, G.P., Tewksbury, J.J., 2001. Seed dispersal: directed deterrence by
capsaicin in chillies. Nature 412, 403–404.
Neri, D., Savini, G., 2006. Root growth and structure in strawberry as affected by
organic residues. Acta Hortic. 708, 39–44.
Niu, G., Rodriguez, D.S., Crosby, K., Leskovar, D., Jifon, J., 2010. Rapid screening for
relative salt tolerance among chile pepper genotypes. HortScience 45,
1192–1195.
Noss, C.F., Levey, D.J., 2014. Does gut passage affect post-dispersal seed fate in a
wild chili, Capsicum annuum? Southeastern Naturalist 4, 475–483.
Rajjou, L., Duval, M.,  Gallardo, K., Catusse, J., Bally, J., Job, C., Job, D., 2012. Seed
germination and vigor. Annu. Rev. Plant Biol. 63, 507–533.
Saberi, M.,  Davari, A., Tarnian, F., Shahreki, M.,  Shahreki, E., 2013. Allelopathic
effects of Eucalyptus camaldulensis on seed germination and initial growth of
four range species. Ann. Biol. Res. 4, 152–159.
Scoville, W.L., 1912. Note on Capsicum. J. Am.  Pharm. Assoc. 1, 453–454.
Shuqi, W.,  Zhengming, Y., Limei, H., 2001. The autopathy of decomposed liquids of
soybean stubs on the growth of soybean. Soybean Sci. 2, 89–93.
Siddiqui, Z.S., Zaman, A.U., 2005. Effects of Capsicum leachates on germination,
seedling growth and chlorophyll accumulation in Vigna radiata (L.) Wilczek
seedlings. Pak. J. Bot. 37, 941–947.
Smith, P.T., Cobb, B.G., 1991. Accelerated germination of pepper seed by priming
with salt solutions and water. HortScience 26, 417–419.
Tarayre, M.,  Thompson, J.D., Escarré, J., Linhart, Y.B., 1995. Intra-speciﬁc variation
in the inhibitory effects of Thymus vulgaris (Labiatae) monoterpenes on seed
germination. Oecologia 101, 110–118.
Tewksbury, J.J., Levey, D.J., Huizinga, M.,  Haak, D.C., Traveset, A., 2008a. Costs and
beneﬁts of capsaicin-mediated control of gut retention in dispersers of wild
chilies. Ecology 89, 107–117.
Tewksbury, J.J., Reagan, K.M., Machnicki, N.J., Carol, T.A., Haak, D.C., Calderón
Pen˜aloza, A.L., Levey, D.J., 2008b. Evolutionary ecology of pungency in wild
chilies. Proc. Natl. Acad. Sci. 105, 11808–11811.
Thanos, C.A., Kadis, C.C., Skarou, F., 1995. Ecophysiology of germination in the
aromatic plants thyme, savory, and oregano (Labiatae). Seed Sci. Res. 5,
161–170.
Yu, J.Q., Shou, S.Y., Qian, Y.R., Zhu, Z.J., Hu, W.H., 2000. Autotoxic potential of
cucurbit crops. Plant Soil 223, 147–151.Euphytica 111, 185–190.
Zewdie, Y., Bosland, P.W., 2000b. Pungency of chile (Capsicum annuum L.) fruit is
affected by node position. HortScience 35, 1174.
